Issues on the initialization and simulation of tropical cyclones (TCs) have been studied here based on four-dimensional variational data assimilation. In particular, experiments have been carried out to assess 1) what the most critical parameters for the so-called bogus data assimilation are and 2) how the current procedures for the bogus data assimilation can be further improved.
Introduction
Considerable progress has been made over the past decade or so in the prediction of tropical cyclone (TC) tracks with numerical models (e.g., Kurihara et al. 1993 Kurihara et al. , 1995 Kurihara et al. , 1998 . Recent works (e.g., Liu et al. 1997 Liu et al. , 1999 Zhang et al. 2000 Zhang et al. , 2001 Zhang et al. , 2002 Braun 2002) have also demonstrated the capability of high-resolution nonhydrostatic mesoscale models to realistically simulate the detailed mesoscale structure of a TC. Wang (2001 Wang ( , 2002a has demonstrated that a high-resolution model has the capability to simulate many aspects of TCs, including the inner core structure, the inner and outer spiral rainbands, and the vortex Rossby waves within the rapidly rotating eyewall.
Nevertheless, as a TC spends most of its lifetime over the tropical ocean, where conventional observations have always been sparsely made, the uncertainty and poor quality in initial conditions can lead to monumental errors in the numerical simulation and prediction of TCs. For example, Kurihara et al. (1995) have demonstrated that a better prediction could be achieved with the use of improved initialization procedures that better represent the initial environmental, as well as the vortex scale, flow, and mass fields. Moreover, Wu et al. (2000a) showed that numerical simulations of typhoon track and intensity tended to have some systematic bi-ases, which also varied with different initial conditions. Wang (1998) demonstrated that the vertical structure of the bogus vortex could affect the subsequent TC track and intensity predictions. These studies clearly point out that the improved initial condition is a crucial step toward improving the simulation and prediction of TCs.
Some new observations around TCs, such as Omega dropwindsondes from the synoptic flow experiments (Burpee et al. 1996; Tuleya and Lord 1997) , Global Positioning System (GPS) dropsondes from the Gulfstream IV surveillance (Aberson 2002 (Aberson , 2003 , and satellite-derived wind, temperature, and rainfall data (Negri and Adler 1993; Smith and Lee 1995; Velden et al. 1997; Liu 2002; Kummerow et al. 2000; Soden et al. 2001; Zou et al. 2001; Pu et al. 2002; Zhu et al. 2002) , provide unprecedented data to improve the analysis of TCs. To make use of these available data or other new data, it is important to evaluate the potential impact these data can have, and to test the sensitivity of the simulation and prediction of TCs to different parameters and within different regions. Understanding these can be of great use for designing a cost-effective strategy for targeted observations of TCs (Morss et al. 2001; Majumdar et al. 2002a,b; Aberson 2003; Wu et al. 2005) .
As the conventional observations usually have far less degrees of freedom than the model does, the fourdimensional variational data assimilation (4DVAR) has become one of the most advanced approaches to combining the observations with the model in such a way that the initial conditions are consistent with the model dynamics and physics (Guo et al. 2000) . Based on 4DVAR, a bogus data assimilation (BDA) method has been developed by Zou and Xiao (2000) to improve the initial conditions for TC simulation. Given a specified sea level pressure (SLP) distribution, the BDA process can lead to a better initial typhoon structure. Zou and Xiao (2000) showed that with the better initialization procedure, the simulation of the track and intensity of Hurricane Felix (1995) was improved. Xiao et al. (2000) expanded the work of Zou and Xiao (2000) by assimilating wind data into the model. Using the observed data, such as the minimum SLP, and/or the maximum wind speed and the radius of maximum wind, and based on an assumed idealized distribution of the SLP and/or three-dimensional (3D) wind structure, a dynamically consistent initial TC vortex was produced through the BDA. By comparing the simulation with different data used in BDA, they showed that the assimilation of only the SLP field was more effective than that of only the 3D wind field. Although based on a similar approach, Pu and Braun (2001) showed that the assimilation of wind fields would be more useful than that of the SLP field for improving the initial structure and prediction of TCs, while assimilating both the 3D wind and SLP fields provided the best results in simulating both the track and intensity of the storm. Pu and Braun (2001) suggested that the size of the bogus vortex might be responsible for the difference between their results and those of Zou and Xiao (2000) .
The above studies present a useful direction for TC initialization using BDA. Nevertheless, important questions remain to be answered: 1) What are the most critical parameters for BDA? 2) And how can the current BDA procedures be further improved? The primary aims of this study are to clarify and investigate the related questions mentioned above. Following Kuo et al. (1997) , we performed a set of quasi Observing Systems Simulation Experiments (OSSEs) to address the above questions about BDA.
Control experiment a. Experiment design
We first construct the original reference data by running the fifth-generation Pennsylvania State University-National Center for Atmospheric Research Mesoscale Model (MM5) with relatively simple physics [Grell cumulus parameterization (Grell 1993) , the Blackadar planetary boundary layer scheme (Blackadar 1979) , the atmospheric radiation scheme of Dudhia (1993) , and the simple ice cloud microphysics (Dudhia 1989) ] in two nests (two-way interactive) at 90-and 30-km resolutions for Typhoon Zane (Wu et al. 2000b) for 72 h from 1200 UTC 27 September to 1200 UTC 30 September 1996. To allow time for the model to generate a realistic typhoon structure, we start the OSSEs at the 12-h forecast of the original reference data. Then we run the MM5 forward in the single inner mesh for 60 h from 0000 UTC 28 September to 1200 UTC 30 September, with the lateral boundary conditions updated from the original reference data. The result of this 60-h simulation is regarded as the control experiment (see Fig. 1a with an initial minimum SLP of 968 hPa). The track from the control experiment (Fig. 2a) moved too much to the northeast, instead of the observed northnorthwestward movement at the first 12 h. The difference between the track of the control experiment and the best track of Joint Typhoon Warning Center (JTWC) is about 218 km at 12 h, and then decreases to 65 (181) km at 24 (36) h. Note that the eastward turn at 36 h is well captured in the control experiment (see Fig.  2a ). Meanwhile, the intensity in the control experiment is underestimated compared to the best-track minimum SLP of 955 hPa by about 13 hPa through the integration period, likely due to the limitation of the model resolution. For a systematic evaluation of the OSSEs, we presume the control experiment as the model's true atmosphere (i.e., "nature run") for further comparison.
To assess the impact of different variables in BDA, we first degraded the quality of the original inner-nest reference data by successively applying a 1-2-1 smoothing operator (Kurihara et al. 1993) to create the degraded initial condition at 0000 UTC 28 September (see Fig. 1b , which has an initial minimum SLP of 995 hPa), which has a quality roughly equivalent to that of a global analysis at 2.5°ϫ 2.5°resolution and resolves a weak initial tropical cyclone vortex [see Fig. 1c for the global analysis from the European Centre for MediumRange Forecasts (ECMWF) and Tropical Ocean Global Atmosphere (TOGA) at the same time]. Starting from the degraded initial condition, a 60-h simulation from 0000 UTC 28 September (the initial time for OSSEs) with the same model setup as the nature run is carried out to produce a set of data that can be re- garded as the lower bound of the simulation, and serves as our degraded experiment (the second row in Table 1 ). Consistent with the above 60-h simulation, the innernest domain is selected for data assimilation experiments using the MM5 Adjoint Modeling System (MM5-4DVAR) as described in Zou et al. (1997) . Note that the model physics used in the adjoint system is slightly different from that used in the forward integration model, including the use of simple bulk aerodynamic planetary boundary layer scheme, stable precipitation, Grell cumulus parameterization, and no radiation.
b. Results
Figures 3a,b show zonal cross sections, through the storm center of the potential vorticity [PV; 1 PV unit (PVU) ϭ 1 ϫ 10 Ϫ6 m 2 s Ϫ1 K kg Ϫ1 ], wind speed, and potential temperature of the initial vortex for the control and degraded experiments. A much weaker initial vortex is represented in the degraded experiment (Fig.  3b ) as compared to that in the control experiment (Fig.  3a) , where high PV and warm potential temperature are present in the storm core surrounded by an eyewall (about 110 km from the storm center) with a maximum wind of about 55 m s Ϫ1 on the east flank. The track of the control experiment (Fig. 2a) shows that the storm moves northward in the first 6 h, goes north-northwestward until 24 h, then stays nearly stationary and loops for 12 h before it finally turns eastward. The minimum SLP of the control experiment (Table 2 Table 4 for the list of track errors in all experiments). The reduction of the track error after 48 h is likely sheer luck as the simulated track in the degraded experiment coincidentally matches the track in the control experiment after its sharp eastward deflection. The initial minimum SLP of the degraded experiment is 995 hPa (Table 2 ; Fig. 2b ), with maximum wind at 13 m s Ϫ1 (Table 3 ; Fig. 2c ), which is hardly comparable to the storm intensity in the control experiment.
Sensitivity experiments
A series of OSSEs (see Table 1 for the summary of all experiments) have been conducted to assess the potential impact of different variables on BDA. By taking different data for 4DVAR [e.g., the three-dimensional horizontal wind (u, ), and/or surface pressure perturbation (pЈ s ) fields at every grid point of the entire innernest domain from the initial condition of the control experiment], each experiment produces its own initial conditions for the ensuing 60-h simulation to examine the track and intensity of the simulated cyclone. Note that we assume that new observations are all available on every model grid, which may have oversimplified the real situation. Nevertheless, it provides some insights into the impact of the most ideally available observations on data assimilation.
For the 4DVAR data assimilation, the initial condi- 
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W As B1, except that the reference data are generated from the WRF model * Fixed: vortex location fixed at the initial location during the data assimilation period. ** Movable: vortex location moved following the track of the control experiment during the data assimilation period. tion x(t 0 ) is obtained by minimizing the following cost function:
where x b represents the background field taken from the initial condition of the degraded experiment, y o is the observation field from the initial condition of the control experiment, the B and O are the background error covariance matrix and the observation error covariance matrix, respectively, h is the observation operator, and t R is the time window for data assimilation. In our calculation, B is estimated according to the so-called National Centers for Environmental Prediction (NCEP) method (Parrish and Derber 1992) by taking the difference of the background field (i.e., the ini- ; shaded according to the scale at the bottom), and potential temperature (K; dotted line) of the initial vortex structure for each experiment (Table 1) . By doing so, the data assimilation blends the observations and background while forcing the analysis closer to the observations. Sensitivity to the uncertainty due to the use of B Ϫ1 will be discussed in section 3c. In our experiments, the cost function is minimized within about 15 iterations of the backward adjoint integration, with the value of the cost function reduced by a factor of 80 for the experiment A3 [see Fig. 4 for the ratio of the cost function at each iteration (J n ) to its initial value (J 0 ); roughly at a value of 0.012].
a. Impacts from the assimilation of different variables

1) EXPERIMENT DESIGN
This first set of experiments (see the third row in Table 1 ) is performed by assimilating different data from the initial condition of the control experiment into the initial condition of the degraded experiment through the 4DVAR with a 30-min assimilation window (same data assimilated every 6 min, while assuming the TC vortex is fixed at the same location) to create the new initial conditions, and then running the model forward for 60 h. The experiment A1 (A2; A3) represents a simulation starting with an initial condition after the pЈ s (u, ; u, , and pЈ s ) from which the control experiment is assimilated. The purpose of these experiments is to investigate the impact of different parameters on the storm initialization, as well as the subsequent forecast, through the 4DVAR.
2) RESULTS
(i) Initial structure
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When both the 3D wind and surface pressure data from the initial condition of the control experiment (experiment A3) are assimilated to the degraded initial condition through 4DVAR, an asymmetric vortex structure (Fig. 3e) , consistent with (although not identical to) that of the control experiment (Fig. 3a) , is produced. The slight difference from the structure of the control experiment results from the fact that the assimilation process tries to minimize the cost function that contains both the background (i.e., from the degraded experiment) and observation terms (i.e., from the control experiment). As the background information is also taken into consideration (although with a much weaker weighting), the assimilated results cannot be identical to the control experiment.
(ii) Intensity evolution
When only the surface pressure field is assimilated in experiment A1, the minimum central SLP of the storm (969 hPa; Fig. 5a ) is well recovered during the initial time. However, the initial wind field is severely underestimated (by about 30 m s Ϫ1 ; Fig. 5b) . Because of such a large dynamic imbalance between the wind and mass fields, geostrophic adjustment occurs quickly in the first few hours of the integration in experiment A1, and the minimum central SLP fills immediately after the integration starts. Thus, large intensity errors are induced.
In experiment A2, the maximum azimuthally averaged tangential wind at ϭ 0.87 is identical to the control experiment of 45 m s Ϫ1 at the initial time, while the minimum central SLP is higher than that of the control experiment by 21 hPa (see Fig. 5a ). The evolution of the maximum azimuthally averaged tangential wind of experiment A2 (Fig. 5b) agrees well (within 5% error) with the control experiment throughout the integration period, while the minimum central SLP adjusts quickly toward the value of the control experiment (although still a few hectopascals higher) and remains close to the control experiment for the rest of the simulation.
In experiment A3 (see Figs. 5a,b), both the initial maximum azimuthally averaged tangential wind and 1 Note that one may ask why we do not assimilate the 3D pressure field in the BDA so as to have a fair comparison with the result of A2 that assimilates the 3D wind field. When the 3D pressure field is assimilated (experiments not shown), the initial vortex structure in the lower troposphere remains similar to A1, despite the more complicated feature in the upper troposphere. To be consistent with the works of Xiao et al. (2000) and Pu and Braun (2001) , where SLP is used in their BDA, this paper simply discusses the BDA of the surface pressure field, not the 3D pressure field. Degraded  33  166  93  202  201  194  188  119  23  60  33  A1  0  90  108  152  152  152  149  128  141  98  59  A2  33  25  35  52  75  60  32  54  87  79  59  A 3  0  2 the minimum central SLP match those of the control experiment perfectly, and their evolution at later stages is consistent with experiment A2.
(iii) Geostrophic adjustment
By comparing the results from experiments A1, A2, and A3, it is obvious that assimilation of the 3D wind field plays a more important role than that of the surface pressure field for the TC initialization and prediction. More specifically, the wind information has a longer memory after the assimilation than the surface pressure information does, which is consistent with the result of Pu and Braun (2001) , but not with that of Xiao et al. (2000) . More insight into the relative importance of assimilating wind and pressure fields discovered so far can be generated based on the geostrophic adjustment argument (Schubert et al. 1980) . For example, if the radius of maximum wind (L) is small compared to the radius of deformation (L R ), that is, L/L R Ӷ 1, the initial tangential wind and vorticity fields would have little change (pressure adjusts to wind).
Using the definition of the local
, where N is the buoyancy (Brunt-Väisälä) frequency and H is the vertical scale of the motion] from Shapiro and Montgomery (1993) , we can estimate the value of L/L R in each experiment (see Table 5 ). The low value of L/L R in both A1 and A2 (Table 5 ) favors a geostrophic adjustment of the pressure field toward the wind field. This explains why the pressure field quickly adjusts to the wind field, and thus the storm intensity in terms of SLP is underestimated in A1 but is recovered in A2 during the assimulation and the subsequent simulation. Examining the results from Pu and Braun (2001) and Xiao et al. (2000) , we found that the L/L R values in their studies were also much less than one (Table 5) , and thus the pressure field should adjust to the wind field. This was the case for Pu and Braun (2001) , but not for Xiao et al. (2000) . The result from the latter thus might be problematic and needs exploring in more detail.
In summary, the geostrophic adjustment argument explains that with the small value of L/L R of all the analyses above, the wind field should play a more important role than pressure for the initialization of TCs using the BDA technique.
b. Impact from a bogused initial vortex and the vortex movement
1) EXPERIMENT DESIGN
For practical model prediction of TCs, the initial vortex information is usually not adequate because of the lack of in situ observations and the uncertainty of the intensity estimation based on satellite data. In other words, experiment A3 may have assimilated the ideal vortex information from the control experiment that was not available in the real world. To tackle this problem, in many models, a bogused vortex spun up from a separate simulation/prediction is generally adopted (Kurihara et al. 1995; Wu et al. 2002) . Therefore, to address the impact of the uncertainty in the initial vortex, experiment B1 is conducted, in which the assimilation is similar to A3 except that the vortex information in the core region is replaced by that from the 12-h model integration (1200 UTC 28 September) of the control experiment. In other words, the vortex information inside the core region is obtained from the inner 300-km-radius vortex structure at 1200 UTC 28 September of the control experiment, with a linear transition zone between the 300-and 600-km radius to smoothly blend the inner 300-km vortex at 1200 UTC Xiao et al. (2000) , PB-Georges represents Hurricane Georges in Pu and Braun (2001) 28 September with the wind and surface pressure data outside the core region of the control experiment at 0000 UTC 28 September. In this regard, experiment B1 (see the fourth row in Table 1 ) is designed to show the potential impact from such a "quasi bogused" vortex.
For another, in all of the previous experiments, the TC vortex is fixed in the geographic location during the assimilation period. To clearly demonstrate the steering effect during this assimilation period, a new approach is designed to allow the model vortex to move in time according to the track of the control experiment within a longer assimilation time window (3 or 6 h) in BDA. It is hypothesized that better initial storm movement can be captured in the initial 3 (6) h through this new BDA procedure. This approach is consistent with the concept of vortex repositioning used in Jones and DeMaria (1999) , where they used the barotropic model and its adjoint equations for data assimilation. Experiment B2 (B3) is the same as experiment B1, except that the TC vortex is allowed to move according to its actual position in the control experiment during the 3-h (6-h) assimilation time window.
2) RESULT
For experiment B1, the 12-h (1200 UTC 28 September) vortex structure from the initial condition of the control experiment is assimilated. As compared to Fig.  3a , some of the asymmetric structure is captured in Fig.  3f , yet the wind speed on the east (west) flank appears weaker (stronger). The difference between the control experiment and experiment B1 roughly indicates the uncertainty when a presimulated vortex is implanted to create the initial vortex condition in a TC simulation, as used in most real-case TC simulations (Kurihara et al. 1998; Liu et al. 1997; Wu et al. 2002 ) where a reasonable model simulation of the TC track and structure can be obtained.
Although based on a different initial vortex for data assimilation, note that the cost function in experiment B1 is still minimized quite efficiently, with the value of the cost function reduced by a factor of 75 in about 15 iterations (i.e., the value of J n /J 0 of 0.013 in Fig. 4) . As already seen from Fig. 3f , the initial vortex's asymmetric structure is generally recovered, although with slightly weaker intensity (see Tables 2 and 3 ) as compared to the control experiment as well as experiment A3.
The track of experiment B1 (figures not shown; see Table 4 ) was slightly degraded in the first 18 h, while it improved slightly during 24-30 h, and then remained comparable to the error of the experiment A3. Over all, the use of a different vortex in the core region in B1 does not have much impact on the track as compared to A3. Meanwhile, the whole intensity evolution (figures not shown) is similar to that in experiment A3 (Tables  2 and 3) , although generally weaker than the control experiment after 42 h.
In the previous experiments, as well as the available publications on BDA (e.g., Zou and Xiao 2000; Pu and Braun 2001) , the vortex is fixed in position during the data assimilation period. To elaborate the procedures for BDA, two separate experiments (experiments B2 and B3) are conducted by allowing the model vortex to move according to the track of the control experiment within a longer assimilation time window (3 and 6 h, respectively). The track errors (Table 4) are 45 (15, 15), 79 (45, 15), 91 (70, 25), and 84 (91, 49) in experiment B1 (B2, B3) at 3, 6, 9, and 12 h, respectively. These results (also see Fig. 6 , right) thus clearly indicate that the simulated storm position at the first 9 h is much improved compared to the case (B1) without considering the vortex movement during the data assimilation window, and that the improvement is more significant with a longer assimilation time window. In other words, the 3-or 6-h cycle data assimilation allowing the vortex to move following the actual track is successful in correcting the initial steering flow to some degree. This success may partly result from the inclusion of the assimilated tendency due to the vortex movement during the BDA period. This can shed some light on improving the TC initialization based on the BDA.
It should be noted that the improvement in the track prediction of experiments B2 and B3 over experiment B1 after 12 h is not significant because of the subsequent eastward turn of the model storm. This again indicates that information from both the vortex and large-scale environment has to be well injected simultaneously into the BDA in order to obtain realistic simulations/predictions of TC tracks. FIG. 6 . Simulated tracks in the control experiment and experiments B1, B2, and B3: the storm positions for every (left) 12 h and (right) 3 h (but only for the first 12-h track).
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As an example of the application of the method suggested above, we simulate the track of Typhoon Zeb (1998) (see Wu et al. 2003 ) with three numerical experiments (with 30-km resolution). One is a standard MM5 simulation with an initial bogused vortex following Wu et al. (2002) without data assimilation (denoted as NO-DA), another experiment assimilated the above bogused vortex (fixed in location) based on a 30-min window 4DVAR data assimilation (similar to B1; denoted as DA-FIX), and the other is a simulation in which the vortex was assimilated with the same initial data except it moved in a 3-h window assimilation (similar to B2; denoted as DA-MOVE).
Very little difference is found between the tracks of NO-DA and DA-FIX (Fig. 7) . However, the track is improved dramatically (especially in the first 12 h) in DA-MOVE. The model storm in DA-MOVE consistently follows the best track and moves toward the island of Luzon, while the model storms in both NO-DA and DA-FIX drift away to the north. The track error at 12 h in DA-MOVE is 55 km, which is much smaller than the errors of 156 and 145 km in NO-DA and DA-FIX, respectively. Therefore, it is clear that implantation of a movable presimulated/observed vortex into the 4DVAR can potentially improve the track forecasts, especially during the early hours. (Tables 2, 3 ) because the weighting on the observation term becomes much smaller in O1 than in A3. This would affect the first 12-h intensity simulation, but after that the result remains about the same in the track and the intensity. Nevertheless, the above representation of B Ϫ1 and O
Ϫ1
is still rather crude. We believe that a more sophisticated choice of B Ϫ1 and O Ϫ1 still needs to be addressed (such as Barker et al. 2004) in the future work to make a better 4DVAR data assimilation.
2) THE IDENTICAL TWIN PROBLEM
We have also performed the quasi OSSEs by using the Weather Research and Forecasting Model (WRF; Michalakes et al. 2001) to generate the vortex structure to be assimilated into the data assimilation system of MM5 (denoted as experiment W; see the bottom row in Table 1 ). This is attempted to avoid the so-called "identical twin" issue in our OSSEs. We generally reach the same results as discussed above. It can also be seen in Fig. 4 that the cost function in experiment W is minimized as efficiently as in experiment A3, with the value of the cost function reduced by a factor of 70 (equivalent to the ratio of 0.014 in Fig. 4) . Therefore, the quick reduction of the cost function is not simply a result of the identical twin experiments, and the conclusions from our OSSEs are not overoptimistic due to the setup of the identical twin experiments.
Summary
A number of numerical experiments have been performed to investigate the initialization and prediction of TCs. A control experiment is carried out to create FIG. 7 . The 72-h JTWC best track (indicated with typhoon symbol) and the simulated storm tracks from experiments NO-DA, DA-FIX, and DA-MOVE for Typhoon Zeb (1998), shown for 12-h intervals from 0000 UTC 13 Oct to 0000 UTC 16 Oct 1998.
the imaginary "nature" data for Typhoon Zane (1996) using MM5. Then the initial data from the control experiment are degraded to produce the new initial condition and simulation of the degraded experiment, which mimics how a typical global analysis can resolve the Zane circulation. By assimilating some variables from the initial data of the control experiment into the degraded initial condition based on 4DVAR, one can gain insight into the key parameters for improving the initial condition and prediction of TCs. Two key issues have been addressed in the paper as follows.
a. The relative importance of wind versus pressure
The result shows that the wind field is critical for maintaining a correct initial vortex structure of a TC. On the other hand, the model's memory of the pressure field is relatively short. Therefore only when the surface pressure field is assimilated, due to the imbalance between the pressure and wind fields, does the pressure field adjust to the wind field and the pressures rise quickly. Consistent with Pu and Braun (2001) , we show that the assimilation of the wind field is more successful in maintaining the vortex structure than that of only the SLP field. We also demonstrate that the above results can be interpreted based on the geostrophic adjustment theory. In other words, in all our experiments and previous experiments Pu and Braun 2001) using BDA, the scale of a TC vortex is generally much smaller than the radius of Rossby deformation. Therefore, the geostrophic adjustment favors the pressure field to adjust to the wind field and thus a better initial condition in the wind field is critical to the BDA and simulation/prediction of TCs.
b. A new BDA method-Allowing the vortex to move during the data assimilation
Considering the movement of the TC vortex during the data assimilation window can improve the track prediction, particularly in the early integration period. Such an improvement results from the fact that the vortex movement tendency is taken into account during the BDA period and thus partially corrects the steering effect in the early prediction/simulation period. This concept provides a new and possible approach to the improvement of TC track prediction. It is worthwhile to test this method in more real-case studies for general application.
In all, this study evaluates the uncertainty of the initial structure of a TC and its impact on the storm simulation. We note, however, that the generality of the results needs to be further examined from more case studies. Therefore, we plan to stretch such quasi OSSEs and apply them to more real cases by assimilating different special observations [e.g., Special Sensor Microwave Imager Precipitable Water (SSM/I-PW; Chen et al. 2004) , Global Position System (GPS) meteorology (Wu et al. 2000c ), GPS dropsonde (Wu et al. 2005) , and radar data (Lee et al. 1999), etc.] in a future study. Such work can provide valuable information on the impact of each data type. Meanwhile, sensitivity tests based on the adjoint system should also be performed in the future to identify the most sensitive regions and variables (Kleist and Morgan 2005) that affect the TC evolution in numerical models. The results from these studies would provide guidance for developing targeted observation strategies for TCs, such as the aircraft surveillance using GPS dropsondes (Baker and Daley 2000; Bishop et al. 2001; Majumdar et al. 2002a, b; Aberson 2002 Aberson , 2003 Wu et al. 2005) .
